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Previous analytical formulas in the Glauber model for high-energy nucleus-nucleus collisions de-
veloped by Wong are utilized and extended to study antiproton-nucleus annihilations for both high
and low energies, after taking into account the effects of Coulomb and nuclear interactions, and the
change of the antiproton momentum inside a nucleus. The extended analytical formulas capture
the main features of the experimental antiproton-nucleus annihilation cross sections for all energies
and mass numbers. At high antiproton energies, they exhibit the granular property for the lightest
nuclei and the black-disk limit for the heavy nuclei. At low antiproton energies, they display the
effect of antiproton momentum increase due to the nuclear interaction for light nuclei, and the effect
of magnification due to the attractive Coulomb interaction for heavy nuclei.
PACS numbers: 24.10.-i, 25.43.+t, 25.75.-q,
I. INTRODUCTION
Recently, there has been interest in the interaction of
antimatter with matter, as it is central to our under-
standing of the basic structure of matter and the matter-
antimatter asymmetry in the Universe. On the one hand,
the land-based Facility forAntiprotons and Ions Research
(FAIR) at Darmstadt[1, 2] and the Antiproton Deceler-
ator (AD) at CERN [3] have been designed to probe the
interaction of antiprotons with matter at various energies
and environments. The orbiting Payload for Antimat-
ter Matter Exploration and Light-Nuclei Astrophysics
(PAMELA) [4] and the Alpha Magnetic Spectrometer
(AMS) [5] measure the intensity of antimatter in outer
space. They have provided interesting hints on the pres-
ence of extra-terrestrial antimatter sources in the Uni-
verse. In support of these facilities for antimatter inves-
tigations, it is of interest to examine here the antiproton-
nucleus annihilation cross sections that represent an im-
portant aspect of the interaction between antimatter and
matter.
To date, significant experimental and theoretical ef-
forts have been put forth to understand the process of
annihilation between p¯ and various nuclei across the pe-
riodic table from low energy to high energies. On the
experimental side, annihilation cross sections for p¯A col-
lisions, σp¯Aann, have been measured at the Low-Energy An-
tiproton Ring (LEAR) at CERN [6]-[21] and compiled
in Ref. [6], and at the Detector of Annihilations (DOA)
at Dubna [22]. A surprising difference in the behavior
at high and low energies has been detected. In light
nuclei (H, 2H and 4He), the p¯A annihilation cross sec-
tions at p¯ momenta below 60 MeV/c have comparable
values, whereas at momenta greater than 500 MeV/c the
p¯-nucleus annihilation cross sections increases approxi-
mately linearly with the mass number A for the lightest
nuclei [6–9]. On the other hand, for collisions with heavy
nuclei at low energies, the annihilation cross section ex-
hibits large enhancements that are much greater than
what one would expect just from the geometrical radii
alone [6].
On the theoretical side, a theoretical optical poten-
tial based on the Glauber model [23, 24] has been devel-
oped by Kuzichev, Lepikhin and Smirnitsky to investi-
gate the antiproton annihilation cross sections on Be, C,
Al, Fe, Cu, Cd, and Pb nuclei in the momentum range
0.70-2.50 GeV/c [22]. In this range of relatively high
antiproton momenta, the Glauber model gives a good
agreement with the experimental data, with the excep-
tion of the deviations at the momentum of 0.7 GeV/c for
heavy nuclei. Their study suggested that the A depen-
dence of the annihilation cross sections is influenced by
Coulomb interaction at low momenta. In another anal-
ysis, Batty, Friedman, and Gal have developed a unified
optical potential approach for low-energy p¯ interactions
with protons and with various nuclei [25, 26]. Starting
with a simple optical potential v¯ determined by compar-
ison with p¯-p experimental data, a density-folded optical
potential Vopt = ρv¯ was formulated for the collision of
the p¯-nucleus system. They found that even though the
density-folding potential reproduces satisfactorily the p¯
atomic level shifts and widths across the periodic table
for A>10 and the few annihilation cross sections mea-
sured on Ne, it does not work well for He and Li. They
attributed this discrepancy to the spin and the isospin
averaging and the approximations made in the construc-
tions of the optical potentials. An extended black-disk
strong-absorption model has also been considered to ac-
count for the Coulomb focusing effect for low-energy p¯
interactions with nuclei and a fair agreement with the
measured annihilation cross sections was achieved [26].
There are many puzzling features of the p¯A annihi-
lation cross sections that are not yet well understood.
With respect to the mass dependence, why at high an-
tiproton incident momenta do the cross sections increase
almost linearly with the mass number A for the lightest
nuclei, but with approximately A2/3 as the mass number
increases? Why in the low antiproton momentum region
do the annihilation cross sections not rise with A as antic-
2ipated but are comparable for p, 2H, and He, and become
subsequently greatly enhanced as A increases further into
the heavy nuclei region? With respect to the energy de-
pendence, how does one understand the energy depen-
dence of the p¯A annihilation cross sections and the rela-
tionship between the energy dependence of the p¯p cross
sections and the p¯A cross sections? In what roles do the
residual nuclear interaction and the long-range Coulomb
interaction interplay in the cross sections as a function of
charge numbers and antiproton momenta? We would like
to design a model in which these puzzles can be brought
up for a close examination.
In order to be able to describe the collision with all nu-
clei, including deuteron, it is clear that the model needs
to be microscopic, with the target nucleon number A
appearing as an important discrete degree of freedom.
Furthermore, with the conservation of the baryon num-
ber, an antiproton projectile can only annihilate with a
single target nucleon. The annihilation process occurs
between the projectile antiproton and a target nucleon
locally within a short transverse range along the antipro-
ton trajectory. This process of annihilation occurring in
a short range along the antiproton trajectory is similar
in character to the high-energy pA reaction process in
which the incident project p interacts with target nu-
cleons along its trajectory. In the case of high energy
collisions, the trajectory of the incident projectile can be
assumed to be along a straight line, and the reaction pro-
cess can be properly described by the Glauber multiple
collision model [22–24, 27, 28].
Previously, analytical formulas for high-energy
nucleon-nucleus and nucleus-nucleus collisions in the
Glauber multiple collision model have been developed
by Wong for the reaction cross section in pA collisions
as a function of the basic nucleon-nucleon cross section
[27, 28]. The analytical formula involves a discrete
sum of probabilities whose number of terms depend on
the number of target nucleons as a discrete degree of
freedom. They give the result that the pA reaction cross
section is proportional to A for small A, and approaches
the black-disk limit of A2/3 for large A, similar to the
mass-dependent feature of the p¯A annihilation cross
sections at high energies mentioned earlier. Hence, it
is reasonable to utilize these analytical formulas and
concepts in the Glauber multiple collision model [28] to
provide a description of the annihilation process in p¯A
reactions.
As the analytical results in the Glauber model [27, 28]
pertain to high-energy nucleon-nucleus collisions with
a straight-line trajectory, the model must be extended
and amended to make them applicable to low-energy p¯-
nucleus annihilations. The incident antiproton is subject
to the initial-state Coulomb interaction [22, 26]. The an-
tiproton trajectory deviates from a straight line in low-
energy collisions. Before the antiproton comes into con-
tact with the nucleus, the antiproton trajectory is pulled
towards the target nucleus, resulting in a magnifying lens
effect (or alternatively a Coulomb focusing effect [22, 26])
that enhances greatly the annihilation cross section. Fur-
thermore, the antiproton is subject to the nuclear inter-
action that changes the antiproton momentum in the in-
terior of the nucleus. The change of antiproton momen-
tum is especially important in low energy annihilations of
light nuclei because of the strong momentum dependence
of the basic p¯p annihilation cross section. It is necessary
to modify the analytical formulas to take into account
these effects so that they can be applied to p¯-nucleus an-
nihilations for all energies and mass numbers. Success
in constructing such an extended model will allow us to
resolve the puzzles we have just mentioned.
This paper is organized as follows. In Sec. II, we
review and summarize previous results in the Glauber
model for high-energy nucleon-nucleus collisions, to pave
the way for its application to p¯-nucleus collisions. An-
alytical formulas are written out for the p¯-nucleus an-
nihilation cross sections in terms of basic p¯-nucleon an-
nihilation cross section, σp¯−nucleonann . We use the quark
model to relate σp¯nann to σ
p¯p
ann so that it suffices to use
only σp¯pann to evaluate the p¯-nucleus cross section. In Sec.
III, we represent the basic p¯p annihilation cross section
by a 1/v law. In Sec. IV, we extend the Glauber model
to study antiproton-nucleus annihilations at both high
and low energies, after taking into account the effects
of Coulomb and nuclear interactions, and the change of
the antiproton momentum inside a nucleus. In Sec. V,
we compare the results of the analytical formulas in the
extended Glauber model to experimental data. We find
that these analytical formulas capture the main features
of the experimental antiproton-nucleus annihilation cross
sections for all energies and mass numbers. Finally, we
conclude the present study with some discussions in Sec.
VI.
II. GLAUBER MODEL FOR p¯-NUCLEUS
ANNIHILATION AT HIGH ENERGIES
We shall first briefly review and summarize the ana-
lytical formulas in the Glauber multiple collision model
[27, 28] for its application to p¯-nucleus annihilations at
high energies. The Glauber model assumes that the in-
cident antiproton travels along a straight line at a high
energy and makes multiple collisions with target nucle-
ons along its way. The target nucleus can be represented
by a density distribution. The integral of the density
distribution along the antiproton trajectory gives the
thickness function which, in conjunction with the basic
antiproton-nucleon annihilation cross section σp¯pann, deter-
mines the probability for an antiproton-nucleon annihi-
lation and consequently the p¯-nucleus annihilation cross
section [23, 24, 27, 28].
To be specific, we consider a target nucleus A with a
thickness function TA(bA) and mass number A, and a
projectile antiproton with a thickness function TB(bB)
and a mass number B=1. The integral of all thickness
functions are normalized to unity. For simplicity, we shall
3initially not distinguish between the annihilation of a pro-
ton or a neutron. Refinement to allow for different an-
nihilation cross sections will be generalized at the end of
this section.
According to Eq. (12.8) of [28], in general, the thick-
ness function T (b) for the annihilation between the pro-
jectile antiproton B and a nucleon in the target nucleus
A at high energies along a straight-line trajectory at the
transverse coordinate b is given by
T (b) =
∫
dbA
∫
dbBTA(bA)TB(bB)tann(b− bA+bB), (1)
where tann(b−bA+bB) is the annihilation thickness func-
tion, specifying the probability distribution at the rela-
tive transverse coordinate b−bA+bB for the annihilation
of a target nucleon at bA with an antiproton at bB.
The thickness function tann(b) for p¯p annihilation at b
can be represented by a Gaussian with a standard devi-
ation βp¯p,
tann(b) =
1
2piβ2p¯p
exp{− b
2
2β2p¯p
}. (2)
The cross section for a p¯p annihilation is then given by
σp¯pann =
∫
db (pib2) tann(b) = 2piβ
2
p¯p, (3)
where db = 2pibdb. Therefore, the standard deviation βp¯p
in the p¯p annihilation thickness function is related to the
p¯p annihilation cross section by
β2p¯p =
σp¯pann
2pi
. (4)
In a p¯-A collision at high energies, the probability for the
occurrence of an annihilation is T (b)σp¯pann. The probabil-
ity for no annihilation is [1 − T (b)σp¯pann]. With A target
nucleons, the annihilation cross section in a p¯A collision
at high energies, as a function of σp¯pann, is therefore
σp¯Aann(σ
p¯p
ann) =
∫
db
{
1− [1− T (b)σp¯pann]A
}
. (5)
It should be noted that σp¯pann depends on the magni-
tude of the antiproton momentum relative to the tar-
get nucleons. For example, in our later applications to
extend the Glauber model to low energies, the antipro-
ton momentum at the moment of p¯-nucleon annihilation
may be significantly different from the incident antipro-
ton momentum, and it becomes necessary to specify the
momentum dependence σp¯pann in Eq. (5) explicitly. For
brevity of notation, we shall not write out the momen-
tum dependence explicitly except when it is needed to
avoid momentum ambiguities.
Analytical expressions of σp¯Aann(σ
p¯p
ann) can be obtained
for simple thickness functions [27, 28]. If the thickness
functions of TA and TB are Gaussian functions with stan-
dard deviation βA and βB respectively, then Eq. (1) gives
T (b) =
1
2piβ2
exp{− b
2
2β2
}, (6)
where
β2 = β2A + β
2
B + β
2
p¯p. (7)
For this case with Gaussian thickness functions, Eq. (5)
then gives the simple analytical formula [27, 28]
σp¯Aann(σ
p¯p
ann) = 2piβ
2
A∑
n=1
1− (1− f)n
n
, (8)
where
f =
σp¯pann
2piβ2
=
σp¯pann
2pi[β2A + β
2
B ] + σ
p¯p
ann
. (9)
To check our theory, we apply the results first to the case
of A = 1, and we obtain
σp¯pann = 2piβ
2
(
1− (1− f)1
1
)
= σp¯pann, (10)
as it should be. Next, for p¯2H collisions where A = 2, we
have
σp¯
2H
ann = 2piβ
2
[
2f − f
2
2
]
. (11)
The situation depends on the size of βp¯p (or σ
p¯p
ann), rela-
tive to βA and βB . There are two different limits of σ
p¯p
ann
in comparison with 2pi[β2A + β
2
B]. If σ
p¯p
ann ≪ 2pi[β2A + β2B]
then f → 0 and
σp¯
2H
ann ∼ 2σp¯pann, (12)
which exhibits the granular property of the nucleus when
the basic antiproton-nucleon cross section is much smaller
than the radius of the nucleus. On the other hand, if
σp¯pann ≫ 2pi[β2A + β2B], then f → 1 and the cross section
become
σp¯
2H
ann ∼
3
2
σp¯pann. (13)
In actual comparison with experimental data, we use βB
= 0.68 fm, and we parametrize βA = r
′
0A
1/3/
√
3. The
standard root-mean-squared radius parameter r′0 is of or-
der 1 fm (see Table I below). The p¯p annihilation cross
section σp¯pann is about 50 mb at p
p¯
lab=2 GeV/c and about
1000 mb at pp¯lab=50 MeV/c. Thus, f ≪ 1 for pp¯plab=2
GeV/c and f ∼ 1 for pp¯lab=50 MeV/c. If the Glauber
model remains valid for the whole momentum range, then
one expects that
σp¯
2H
ann /σ
p¯p
ann
∣∣∣∣
Glauber model
∼
{
2 for high p¯ momenta,
3/2 for low p¯ momenta.
(14)
The experimental data indicate
σp¯
2H
ann /σ
p¯p
ann
∣∣∣∣
experimental
∼
{
2 for high p¯ momenta,
1 for low p¯ momenta.
(15)
The predicted ratio of σp¯
2H
ann /σ
p¯p
ann appears correct for
the high-energy region. However, for low-momentum p¯
4annihilations, we shall see that there are important modi-
fications that must be made to extend the Glauber model
to the low-momentum region, and these modifications
will alter the σp¯
2H
ann /σ
p¯p
ann ratio in that region.
As the nuclear mass number A increases, the density
distribution of the nucleus become uniform. The thick-
ness function for the collision of p¯ with a heavy nucleus
can be approximated by using a sharp-cut-off distribu-
tion of the form (see Ref. [27, 28])
T (b) =
3
√
(R2c − b2)
2piR3c
θ(Rc − b), (16)
where the contact radius can be taken to be
Rc = RA +RB +Rpp¯. (17)
With this sharp-cut-off distribution, Eq. (5) leads to the
cross section given by [27, 28]
σp¯Aann(σ
p¯p
ann) = piR
2
c (18)
×
(
1 +
2
F 2
[
1− (1− F )A+2
A+ 2
− 1− (1− F )
A+1
A+ 1
])
,
where F is a dimensionless ratio,
F =
σp¯pann
2piR2c/3
. (19)
The p¯p annihilation radius Rpp¯ in Eq. (17) can be cal-
ibrated to be Rpp¯ =
√
(3σp¯pann/2pi) by using the above
equation (18) for the case of p¯p collision as point nucle-
ons.
In the foregoing discussions, we assume that σp¯pann and
σp¯nann are the same. They actually differ by about 20%.
We can take into account different annihilation cross sec-
tions and thickness functions Tp¯p and Tp¯n for protons and
neutrons. Equation (5) can be generalized to become
σp¯Aann(σ
p¯−nucleon
ann ) =
∫
db
{
1− [1− Tp¯p(b)σp¯pann]Z
×[1− Tp¯n(b)σp¯nann]N
}
=
Z∑
i=0
N∑′
j=0
(
(−1)1+i+jZ!N !
(Z − i)!(N − j)!i!j!
)
×(σp¯pann)i(σp¯nann)j
∫
db[Tp¯p(b)]
i[Tp¯n(b)]
j , (20)
where the argument σp¯−nucleonann on the left-hand side
stands for σp¯pann and σ
p¯n
ann, and the summation
∑
′
j allows
for all cases except when i = j = 0.
For small and moderate mass numbers A < 40, the
thickness functions Tp¯x(b) can be assumed to be a Gaus-
sian function with a standard deviation βx, and Eq. (20)
becomes
σp¯Aann(σ
p¯−nucleon
ann ) = 2pi
Z∑
i=0
N∑′
j=0
(
(−1)1+i+jZ!N !
(Z − i)!(N − j)!i!j!
)
×
(
σp¯pann
2piβ2p
)i (
σp¯nann
2piβ2n
)j ( β2pβ2n
iβ2n + jβ
2
p
)
,(21)
where β2p = β
2
A + β
2
B + σ
p¯p
ann/2pi and β
2
n = β
2
A + β
2
B +
σp¯nann/2pi.
On the other hand, as the value of A increases, the
Tp¯x(b) function becomes a uniform distribution. With
this sharp-cut-off distribution, Eq. (20) leads to the cross
section given by
σp¯Aann(σ
p¯−nucleon
ann ) = piR
2
c,n
Z∑
i=0
N∑′
j=0
(
(−1)1+i+jZ!N !
(Z − i)!(N − j)!i!j!
)
×
(
3σp¯pann
2piR2c,p
)i(
3σp¯nann
2piR2c,n
)j
I(i, j, a), (22)
where Rc,x = RA + RB +
√
(3σp¯xann/2pi) and x = {p, n}.
The function I(i, j, a) is
I(i, j, a) =
∫ Rc,n
0
2bdb
R2c,n
(
1− b
2
R2c,p
)i/2 (
1− b
2
R2c,n
)j/2
=
∫ 1
0
dy(1− ay)i/2(1− y)j/2, (23)
where a = R2c,n/R
2
c,p < 1. The I(i, j, a) function is eval-
uated numerically.
III. THE BASIC p¯p ANNIHILATION CROSS
SECTION σp¯pann
In the previous section, analytical formulas have been
written out for the annihilation cross sections in the col-
lision of an antiproton in terms of σp¯−nucleonann (i) for a
light target nucleus in Eq. (21) [or Eq. (8) if we assume
σp¯pann ∼ σp¯nann], and (ii) for a heavy nucleus in Eq. (22) [or
Eq. (18) if we assume σp¯pann ∼ σp¯nann]. The evaluation of
the p¯A annihilation cross section will require knowledge
of the basic σp¯−nucleonann annihilation cross section.
From the quark model, a proton p consists of uud,
a neutron n consists of udd, and a p¯ is u¯u¯d¯. If only
flavor and antiflavor can annihilate, one would expect
the probability of p¯-n annihilation equals (4/5) times the
probability of p¯-p annihilation, that is,
σp¯nann = (4/5)σ
p¯p
ann. (24)
The experimental value for the ratio (σp¯nann)2H/(σ
p¯p
ann)2H
for the annihilation inside a deuteron has been de-
termined by Kalogeropoulos and Tzanakos [14] to be
0.745 ± 0.016 and 0.863 ± 0.016 for p¯ at rest and
in flight, respectively, giving an average of 0.804±0.022,
in approximate agreement with the prediction from the
naive quark model. We shall use the relation Eq. (24)
in our subsequent data analysis. By relating σp¯nann with
σp¯pann using Eq. (24), the evaluation of the p¯A annihilation
cross section will require only the basic σp¯pann annihilation
cross section.
In our previous theoretical study in connection with
the annihilation lifetime of matter-antimatter molecules,
we note that the experimental data of the p¯p total cross
5section and the p¯p elastic cross section as a function of
the antiproton momentum for a fixed proton target, pp¯lab,
are related by [29]
σtot = σelastic +
σ0
v
, (25)
where v is the velocity of the antiproton
v =
pp¯lab√
p2p¯lab +m
2
p¯
. (26)
As the difference of the experimental total cross sec-
tion and the elastic cross section, the second term in Eq.
(25) represents the p¯p inelastic cross section. It is essen-
tially the annihilation cross section as the latter domi-
nates among the inelastic channels. The p¯p annihilation
cross section can therefore be parametrized in the form
σp¯pann =
σ0
v
. (27)
In the present work, we use the experimental p¯p anni-
hilation cross sections directly to fine-tune the parameter
σ0. We find that
σ0 = 43 mb (28)
gives a good description of the experimental σp¯pann(pp¯lab)
data as shown in Fig. 1. For brevity of notation, the
quantity pp¯lab will be abbreviated as plab in all figures.
Figure 1 indicates that the p¯p annihilation cross sec-
tion has a strong momentum dependence. It decreases
by an order of magnitude as the antiproton momentum
increases from 30 to 600 MeV/c.
It should be pointed out that the 1/v law, Eq. (27),
for the inelastic (or annihilation) cross section of slow
particles is well known. It was first obtained by Bethe [30]
and is discussed in text books [31–33] and other related
work [34]. It arises from multiplying the S-wave partial
cross section, pi/k2, by the transmission coefficient T0
in passing through an attractive potential well, and the
transmission coefficient T0 is proportional to k at low
energies. While the 1/v behavior is essentially an S-wave
result, higher-l partial waves will gradually contribute as
the antiproton momentum reaches the GeV/c region. It
is nonetheless interesting to note that the simple 1/v law
of Eq. (27) continues to provide a reasonable and efficient
description of the experimental data even in the GeV/c
region [29].
Recently, an elaborate and model-independent
coupled-channel partial-wave calculation, solving the
problem from first principle, has been used to determine
p¯-p scattering cross sections for momenta below 0.925
GeV/c. The calculation yields excellent agreement with
the experimental p¯-p annihilation cross section for energy
ranging from 0.200 to 0.925 GeV/c [35]. Refinement of
the present σp¯pann description can be made, if desired, but
with additional complications.
IV. EXTENDING THE GLAUBER MODEL TO
LOW ENERGIES
The results in Sec. II pertains to annihilation of the
antiproton at high energies with straight-line trajectories.
To extend the range of the application to low energies, it
is necessary to forgo the assumption of straight-line tra-
jectories. We need to take into account the modification
of the trajectories due to residual Coulomb and nuclear
interactions that are additional to those between the in-
cident antiproton and an annihilated target nucleon.
The residual Coulomb and nuclear interactions affect
the annihilation process in different ways. The Coulomb
interaction is long-range, and the trajectory of the an-
tiproton is attracted and pulled toward the target nucleus
before the antiproton makes a contact with the nucleus
[Fig. 2(a)]. It leads to a large enhancement of the an-
nihilation cross sections at low energies [22, 26]. The
nuclear interaction is short-range, and it becomes oper-
ative only after coming into contact with the nucleus.
The interactions modify the antiproton momentum as it
travels in the nuclear interior in which p¯-nucleon annihi-
lation takes place. As the basic antiproton-nucleon an-
nihilation cross section σp¯pann as given by (27) is strongly
momentum-dependent, we need to keep track of the an-
tiproton momentum along the antiproton trajectory.
We shall work in the p¯-A center-of-mass system and
shall measure the antiproton momentum in terms of the
relative momentum pp¯A defined as
pp¯A =
mApp¯ −mp¯pA
mp¯ +mA
, (29)
where in the center-of-mass system with pp¯+pA = 0, we
have pp¯ = pp¯A.
A. Initial-State Coulomb Interaction
We consider the collision of an antiproton with a nu-
cleus in the p¯A center-of-mass system with a center-of-
mass energy E. The initial antiproton momentum pp¯A is
related to E by
E =
p2p¯A
2µ
. (30)
After the projectile antiproton travels along a Coulomb
trajectory, it makes contact with the nucleus at r = Rc
with a momentum p′p¯A determined by
E =
[p′p¯A]
2
2µ
+ Vc(Rc), (31)
where Vc(Rc) is the Coulomb energy for the antiproton
to be at the nuclear contact radius Rc,
Vc(Rc) = − (ZA − 1)α
Rc
, (32)
and ZA is the target charge number.
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FIG. 1. (Color online) Antiproton-nucleus annihilation cross sections as a function of the antiproton momentum in the labo-
ratory, plab ≡ pp¯lab, for different nuclear targets. The solid curve for the proton target nucleus is the σ0/v phenomenological
representation of the p¯p annihilation cross section in Eq. (27). The other curves are the results from the extended Glauber
model using the basic p¯p annihilation cross section as input data. The solid curves are for Gaussian density distributions and
the dashed curves are for uniform density distributions. The high-momentum data points are from [22]. The other experimental
data points are from the compilation of [6], where the individual experimental sources can be found.
7The p¯p annihilation cross section arises from the nu-
clear and Coulomb interaction between the antiproton
and a target proton. By employing σp¯pann as the basic el-
ement in the multiple collision process in the extended
Glauber model of Eq. (5), the parts of the Coulomb and
nuclear interaction that are responsible for the p¯p annihi-
lation have already been included. Therefore in Eq. (31)
for p¯-nucleus annihilation, we are dealing with residual
interactions that are additional to those between the an-
tiproton and the annihilated nucleon. Hence, Eq. (32) for
the residual Coulomb interaction contains the coefficient
(ZA − 1).
From angular momentum conservation, we have
pp¯Ab = p
′
p¯Ab
′. (33)
We obtain
b =
p′p¯A
pp¯A
b′. (34)
From Eq. (31), we have
p′p¯A = pp¯A
√
1− Vc(Rc)
E
, (35)
which is the relative momentum of the antiproton in the
p¯A system at the nuclear contact radius Rc.
Starting now from the transverse coordinates b′ at nu-
clear contact at r = Rc, one can follow the antiproton
trajectory in the nuclear interior. This trajectory will
be modified by residual interactions. One can evaluate a
thickness function T ′(b′) by integrating the nuclear den-
sity along the modified trajectory. As the thickness func-
tion T ′(b′) is governed mainly the geometry of the target
nucleus, we therefore expect that T ′(b′) will be character-
ized by a length scale that will not be too different from
the length scale in the thickness function T (b′) without
residual interactions. To the lowest order, it is reasonable
to approximate T ′(b′) by T (b′). With such a simplifying
assumption, the p¯A annihilation cross section at an initial
antiproton momentum pp¯A is
Σp¯Aann(pp¯A) =
∫
db
{
1− {1− Tp¯p[b′(b)]σp¯pann(p′p¯A)}Z
×{1− Tp¯n[b′(b)]σp¯nann(p′p¯A)}N
}
, (36)
where we use a new symbol Σ to indicate that this is
the result in an extended Glauber model for p¯-nucleus
annihilation, modified to take into account the Coulomb
interaction that changes the antiproton momentum from
initial pp¯A to p
′
p¯A at the nuclear contact radius Rc. We
can carry out a change of variable
Σp¯Aann(pp¯A)=
∫
db′
bdb
b′db′
{
1− {1− Tp¯p[b′(b)]σp¯pann(p′p¯A)}Z
×{1− Tp¯n[b′(b)]σp¯nann(p′p¯A)}N
}
, (37)
From Eqs. (34) and (35), the above Eq. (37) becomes
Σp¯Aann(pp¯A) =
[p′p¯A]
2
p2p¯A
∫
db′
{
1− {1− Tp¯p[b′(b)]σp¯pann(p′p¯A)}Z
× {1− Tp¯n[b′(b)]σp¯nann(p′p¯A)}N
}
=
{
1− Vc(Rc)
E
}∫
db′
{
1− {1− Tp¯p[b′(b)]σp¯pann(p′p¯A)}Z
× {1− Tp¯n[b′(b)]σp¯nann(p′p¯A)}N
}
(38)
From the results in Eq. (6), the above equation becomes
Σp¯Aann(pp¯A) =
{
1− Vc(Rc)
E
}
σp¯Aann(σ
p¯p
ann(p
′
p¯A)). (39)
b
O
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target  A
R
c
ppA s
p-nucleus collision
b′
b
R
c
target A
heavy-ion collision
(b) O
s
Coulomb interaction magnifies b′ to b
(a)
Coulomb interaction reduces b′ to b
FIG. 2. (Color online) Schematic picture of the bending
of the antiproton trajectories s as the antiproton approaches
the nucleus: (a) Under the action of the attractive p¯-nucleus
Coulomb interaction, the impact parameter b′ in the nuclear
interior is magnified to the initial impact parameter b which
determines the annihilation cross section. (b) Under the ac-
tion of a repulsive Coulomb interaction in heavy-ion collisions,
the initial impact parameter b′ in the nuclear interior is re-
duced to the initial impact parameter b which determines the
reaction cross section.
With the above formulation, the initial-state Coulomb
interaction can be incorporated into the extended
Glauber model as a mapping of the initial impact param-
eter b to the impact parameter b′ at nuclear contact. It
8can be pictorially depicted as a lens effect in Fig. 2. The
attractive Coulomb interaction between the antiproton
and the nucleus acts as a magnifying lens that magni-
fies the impact parameter b′ at the contact radius Rc to
turn it into the initial impact parameter b, with which
the reaction or annihilation cross section is measured
[Fig. 2(a)]. The magnifying lens effect for the attractive
Coulomb interaction with b > b′ leads to a p¯-nucleus an-
nihilation cross section greater than the geometrical cross
section for heavy nuclei in low-energy collisions, behav-
ing as [1−Vc(Rc)/E]σp¯Aann(σp¯pann(p′p¯A)) as given in Eq. (39),
where Vc(Rc), the Coulomb energy at the nuclear contact
radius Rc, is negative.
It is interesting to note in contrast that in heavy-ion
collisions, the repulsive Coulomb initial-state interaction
acts as a reducing lens that reduces the impact parameter
b′ at contact to become the initial impact parameter b
with b < b′ as illustrated in Fig. 2(b). The lens effect
for a repulsive Coulomb interaction leads to a reaction
cross section reduced from the geometrical cross section
piR2c to [1−Vc(Rc)/E]piR2c , where Vc(Rc) is the Coulomb
energy at the Coulomb barrier and is positive [31, 36, 37].
Therefore, one obtains the unifying picture that for both
the p¯-nucleus and heavy-ion collisions, the initial-state
Coulomb interaction act as a lens, leading to the same
Coulomb modifying factor [1− Vc(Rc)/E].
B. Change of the Antiproton Momentum in the
Nucleus Interior
Because the basic p¯p annihilation cross section is
strongly momentum dependent, there is, however, an ad-
ditional important amendment we need to make. In the
presence of the nuclear and Coulomb interactions in the
nuclear interior, the antiproton momentum p′p¯A at the
contact radius is changed to the momentum p′′p¯A in the
interior of the nucleus. The p¯p annihilation occurs inside
the nucleus at a momentum p′′p¯A. It is necessary to mod-
ify Σp¯pann in Eq. (39) to take into account this change of
the antiproton momentum by replacing p′p¯A with p
′′
p¯A.
The antiproton momentum p′′p¯A is a function of the
radial position r and is related to pp¯A by the energy con-
dition:
E =
p2p¯A
2µ
=
(p′′p¯A)
2
2µ
+ Vc(r) + Vn(r). (40)
In order to obtain an analytical formula for general
purposes for our present approximate treatment, it suf-
fices to consider average quantities and use the root-
mean-square average 〈(p′′p¯A)2〉1/2 given by
E =
〈(p′′p¯A)2〉
2µ
+ 〈Vc(r)〉 + 〈Vn(r)〉, (41)
where 〈Vc(r)〉 and 〈Vn(r)〉 are the average interior
Coulomb and nuclear interactions, respectively. From the
above equation, we can then approximate p′′p¯A by the av-
erage root-mean-squared momentum 〈(p′′p¯A)2〉1/2 in the
interior of the nucleus,
p′′p¯A ∼ pp¯A
√
1− 〈Vc(r)〉 + 〈Vn(r)〉
E
. (42)
The p¯-nucleus annihilation cross section Σp¯Aann is there-
fore modified by changing p′p¯Ain Eq. (39) to p
′′
p¯A to be-
come
Σp¯Aann(pp¯A) =
{
1− Vc(Rc)
E
}
σp¯Aann(σ
p¯p
ann(p
′′
p¯A)). (43)
The experimental data of σp¯pann and Σ
p¯A
ann are presented
as a function of pp¯lab for a fixed proton or nucleus target
at rest. Accordingly, we convert the antiproton momenta
in the center-of-mass system in th above Eq. (43) to those
in the laboratory system with fixed targets as
pp¯A =
A
A+ 1
pp¯lab, (44)
p′′p¯A =
A
A+ 1
p′′p¯lab, (45)
and Eq. (42) gives
p′′p¯lab = pp¯lab
√
1− 〈Vc(r)〉 + 〈Vn(r)〉
E
. (46)
Therefore, the antiproton-nucleus annihilation cross sec-
tion Σp¯Ain (pp¯lab) in the extended Glauber model for an
antiproton with an initial momentum pp¯lab is given in
the following compact form
Σp¯Aann(pp¯lab) =
{
1− Vc(Rc)
E
}
σp¯Ain (σ
pp¯
ann(p
′′
p¯lab)), (47)
where σp¯Ain (σpp¯(p
′′
p¯lab)) is given by Eq. (8) for light nuclei
with a Gaussian thickness distribution, and by Eq. (18)
for heavy nuclei with a sharp-cut-off thickness function,
with the basic quantity σp¯pann in Eqs. (9) or (19) evaluated
at p′′p¯lab given in terms of pp¯lab by Eq. (46). The Coulomb
energy at contact Vc(Rc) is given by Eq. (32), and the
average 〈Vc(r)〉 in the interior of the nucleus (ZA, A) with
a radius RA in Eq. (46) is given by
〈Vc(r)〉 = −3(ZA − 1)α
(
5R2c −R2A
10R3c
)
. (48)
In our application of the extended Glauber model, con-
cepts such as the contact radius Rc and 〈Vc(r)〉 are sim-
plest for a uniform density distribution. For the evalua-
tion of these quantities in the case of small nuclei with
a Gaussian thickness function, we shall approximate the
Gaussian as a uniform distribution [only for the purpose
of calculating Rc and 〈Vc(r)〉 in Eqs. (32), (46), and (48)]
with an equivalence between Rc and β. We note that
the dimensionless quantity f in Eq. (9) for a Gaussian
thickness function and the quantity F in Eq. (19) for the
9sharp-cut-off distribution have the same physical mean-
ing. It is reasonable to equate the corresponding quan-
tities 2piβ2 in Eq. (9) with the corresponding quantity
2piR2c/3 in Eq. (19), leading to the approximate equiva-
lence
Rc(for Gaussian distribution) ∼
√
3β, (49)
and similarly,
RA(for Gaussian distribution) ∼
√
3βA. (50)
These equivalence relations enable us to obtain the
Coulomb factor [1 − Vc(Rc)/E] in (47) and the antipro-
ton momentum change from pp¯lab to p
′′
p¯lab in Eq. (46), for
light nuclei with Gaussian thickness functions.
V. COMPARISON OF THE EXTENDED
GLAUBER MODEL WITH EXPERIMENT
The central results of the extended Glauber model con-
sist of Eq. (43) or (47) and their associated supplemen-
tary equations. With the basic p¯p annihilation cross sec-
tion σp¯pann and its momentum dependence well represented
from experimental data by Eq. (27), as discussed in Sec.
III, it is only necessary to specify the residual nuclear
interaction 〈VN 〉 and the nuclear geometrical parameters
in Eq. (43) to obtain the p¯-nucleus annihilation cross sec-
tion. For light nuclei (with A < 40), we use a Gaussian
density distribution with the Gaussian thickness function
in Eq. (6), with geometrical parameters βA = r
′
0A
1/3/
√
3
and βB = 0.68. We find that 1.10 < r
′
0 < 1.20 fm gives a
good description. For the heavy nuclei (with A > 40), we
use a uniform density distribution with the sharp-cut-off
thickness function in Eq. (16) with geometrical parame-
ters RA = r0A
1/3 and RB = 0.8 fm The radius parameter
r0 = 1.04 fm fit the data well.
In Fig. 1, the solid curve for the proton target nucleus is
from the σ0/v phenomenological representation of the p¯p
annihilation cross section in Eq. (27). The other curves
are the results from the extended Glauber model using
the basic p¯p annihilation cross section as input data. The
solid curves are for Gaussian density distributions and
the dashed curves are for uniform density distributions.
The fitting parameters that give the theoretical p¯A anni-
hilation cross sections in Fig. 1 are listed in Table I.
The comparison of the extended Glauber model with
the experimental data in Fig. 1 indicates that although
the fits are not perfect, the extended Glauber model cap-
tures the main features of the annihilation cross sections
for all energies and mass numbers. We will mention a few
of the notable features of the data and the corresponding
explanations in the extended Glauber model.
We examine first p¯A annihilation at high energies. In
these high-energy annihilations, the momentum depen-
dence of the basic σp¯pann is not sensitive to the antiproton
momentum change arising from the residual nuclear and
Coulomb interactions 〈Vc〉 and 〈VN 〉. The initial-state
TABLE I. Fitting parameters
Nuclei Gaussian Uniform 〈Vn〉(MeV)
r′0(fm) r0(fm)
2H 1.20 -1.0
4He 1.20 -4.0
Be 1.20 -10.0
C 1.20 -15.0
Ne 1.10 -25.0
Al 1.10 -30.0
Ni 1.04 -30.0
Cu 1.04 -30.0
Cd 1.04 -35.0
Sn 1.04 -35.0
Pt 1.04 -35.0
Pb 1.04 -35.0
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FIG. 3. (Color online) p¯ annihilation cross sections of (a) p
and D nuclei and (b) 4He nucleus. The experimental data are
from Ref. [6]. The p¯p curve is from the σ0/v representation of
Eq. (27), and the other curves are from the extended Glauber
model.
Coulomb interaction energy Vc(Rc) is also small in com-
parison with the incident energy E. As a consequence,
the corrections due to the Coulomb and nuclear inter-
actions are small for high-energy collisions. At these
high energies, the antiproton makes multiple collisions
with target nucleons and probes the granular property
of the nucleus when the spacing between the nucleons
is large compared with the dimension of the p¯ probe,
similar to the additive quark model in meson-meson col-
lisions [38, 39]. The experimental Σp¯
2H
ann /σ
p¯p
ann is consis-
tently slightly greater than the theoretical prediction of
Σp¯
2H
ann /σ
p¯p
ann∼ 2. This indicates that while the Glauber
model for the antiproton annihilation of the deuteron
may be approximately valid, future investigations will
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need to include additional refinements to get a better de-
scription for the antiproton-deuteron annihilation. There
are not many high-momentum data points for 4He, and
the only high-momentum data point at 600 MeV/c gives
reasonable agreement with the Glauber model results.
As the number of nucleons increases in high-energy an-
nihilations, the Glauber model results of Eqs. (8) [or (21)
for σp¯nann 6=σp¯pann] and (18) [or (22) for σp¯nann 6=σp¯pann] give a p¯A
annihilation cross section proportional to β2 for a Gaus-
sian thickness distribution and to R2c for a uniform den-
sity distribution. Both β2 and R2c vary as A
2/3. Hence,
the p¯A annihilation cross approaches the black-disk limit
of A2/3 limit as the nuclear mass number increases. The
comparison in the high-energy region in Fig. 1 shows that
the experimental data agree with predictions for nuclei
across the periodic table, indicating that the experimen-
tal data indeed reach this black-disk limit of A2/3 in the
heavy-nuclei region, However, there are discrepancies for
Pb at 700 MeV/c, which may need need to be re-checked
experimentally, as the other data points for large nuclei
appear to agree with theoretical predictions.
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FIG. 4. (Color online) p¯ annihilation cross sections of (a) C
nucleus, (b) Ne nucleus, and (c) Al nucleus. Solid curves give
results from the extended Glauber model and the data points
are from the compilation of Ref. [6].
The situation at the low-energy region is more compli-
cated. In addition to the multiple collision process, the
Coulomb and nuclear interactions also come into play.
We can examine the data for p, 2H, and He more closely
in Fig. 3 in a linear plot in both the low and high energy
regions. As shown in Figs. 1 and 3(a), the basic cross
section σp¯pann is of order 1000 mb at the low momentum
of pp¯lab∼20 MeV/c, corresponding to a effective annihi-
lation radius between p¯ and p of Rp¯p = (σ
p¯p
ann/pi)
1/2=6.8
fm. The large cross section and annihilation radius arise
from the magnifying lens effect of the attractive initial-
state Coulomb interaction that magnifies the proton ra-
dius as seen by the incoming antiproton, as discussed in
Sec. III. In this case, as Rp¯p ≫ Rdeuteron or Rantiproton,
the quantity f in Eq. (8) is close to unity. Accord-
ing to the analysis given in Eq. (14) of Sec. III, the
Glauber model with f ∼ 1 would predict a ratio of
Σp¯
2H
ann /σ
p¯p
ann ∼ 3/2 for low-energy annihilations in the mul-
tiple collision process.
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FIG. 5. (Color online) p¯ annihilation cross sections on Ni,
Sn and Pt nuclei at pp¯lab = 100 MeV/c. The solid curve gives
results from the extended Glauber model and the data points
are from Ref. [6].
Experimentally, for low-energy annihilations
Σp¯
2H
ann /σ
p¯p
ann is of order unity. In the extended Glauber
model, the reduction of the ratio Σp¯
2H
ann /σ
p¯p
ann arises from
the combination of two effects: (i) the increase of the
antiproton momentum inside the nucleus due to the
attractive residual interactions and (ii) the momentum
dependence of the basic σp¯pann decreases sensitively as a
function of an increase in antiproton momentum. The
combined effects bring the ratio Σp¯
2H
ann /σ
p¯p
ann from 3/2
to about unity. In Fig. 3, we show the variation of the
p¯2H and p¯4He cross sections as a function of pp¯lab for
different residual nuclear interactions 〈VN 〉. There is a
great sensitivity of the p¯-annihilation cross section on
VN in the low energy region for the lightest nuclei for
which the Coulomb interaction is weak. However, as the
target charge number increases, the Coulomb interaction
becomes stronger and the p¯-annihilation cross section
becomes less sensitive to the strength of the nuclear
interaction 〈VN 〉, as shown in Fig. 4 for p¯C, p¯Ne, and
p¯Al collisions.
As the target charge number Z increases further in
the low-energy region, the cross section increases sub-
stantially. For example, the cross section reaches a value
of about 9000 mb for the Pt nucleus, corresponding to an
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annihilation radius of Rann = (σ
p¯A
ann/pi)
1/2=17 fm. Again,
such a large annihilation radius arises from the Coulomb
magnifying lens effect that magnifies the nuclear radius
of Pt as seen by the incoming antiproton. The attrac-
tive Coulomb interaction as well as the nuclear interac-
tion also changes the momentum of the antiproton inside
the nucleus. The combined effect of the Coulomb initial-
state interaction, the change of the antiproton momen-
tum inside a nucleus, together with the Glauber multiple
collision process of individual antiproton-nucleon annihi-
lation, give a good description of the cross sections for
the heaviest nuclei at low energies, as shown in Figs. 1
and 5.
There are only a few cases where the experimental data
points deviate from the general trend and the theoreti-
cal predictions. In particular, there are discrepancies for
p¯2H at plab∼260-600 MeV/c, p¯(3He) at 55 MeV/c, p¯Pb
at 700 MeV/c, and p¯Be at high momenta. It will be
necessary to examine the origins for the discrepancies by
theoretical refinements or experimental remeasurements
for these cases in the future.
VI. SUMMARY AND DISCUSSIONS
We have extended the high-energy Glauber model to
low-energy annihilation processes after taking into ac-
count the effects of Coulomb and nuclear interactions,
and the change of the antiproton momentum inside a
nucleus. The result is a compact equation (47) [or the
equivalent (43)] with supplementary equations that cap-
ture the main features of the annihilation process and
provide a simple analytical way to analyze antiproton-
nucleus annihilation cross sections.
We can properly respond to the specific questions we
raised in the Introduction. With respect to the mass de-
pendence at high antiproton incident momenta, the cross
sections increase almost linearly with the mass number
A for the lightest nuclei, but with approximately A2/3
as the mass number increases because the basic process
is a Glauber multiple collision process of the antiproton
passing through a target of individual nucleons. In the
low antiproton momentum region, the annihilation cross
sections do not rise with A as anticipated but are com-
parable for p, 2H, and He, because the residual nuclear
interaction causes an increase in the antiproton momen-
tum inside the nucleus and the increases in antiproton
momentum leads to a decrease in the basic p¯-nucleon
annihilation cross section. As the charge number Z in-
creases, the initial-state Coulomb interaction magnifies
the target nucleus and the p¯A annihilation cross section
at low energies become subsequently greatly enhanced
in the heavy nuclei region. With respect to the energy
dependence, the energy dependence of the p¯A annihila-
tion cross sections is intimately related to the energy-
dependence of the p¯p cross sections.
The simple picture we have presented can be refined,
and individual nuclear properties can be revealed, with
new data that fill in the gaps in Fig. 1. The deviations
of experimental data with theoretical predictions for a
few cases also call for a reexamination of both the exper-
imental measurements as well as theoretical refinements.
The extended Glauber model may find future appli-
cations in similar problems such as in the collision of
mesons or baryons with nuclei at high energies as well as
low energies.
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